Introduction
PA effect is based on the generation of the thermal waves in the sample as a result of its periodical illumination and next heating of the gas in the PA cell detected as periodical changes of the air pressure. The thermodiffusion mecha− nism of the PA effect was described by Rosencwaig and Gersho in Ref. 1 . Other possible mechanisms of creation of the PA signal in semiconductors are thermoelastic and elec− tronic deformations. They were described by Todorovic et al. in Refs. 2 and 3. The above models were single layer. Sometimes real samples exhibit, however, characteristics that must be interpreted in a two layer model [4] [5] [6] . One of such models is presented in this paper where investigated samples exhibited two−layer character as a result of their dif− ferent surface preparation which changed the optical para− meters of the surface layer of the silicon samples. The experi− mental literature PA results indicate strong dependence, especially of the PA amplitude spectrum on the surface quality of semiconductor samples [7] [8] [9] [10] [11] . They showed the correlation of the increase in the PA amplitude spectra among others with the increased roughness of the surface. Similar experimental PA characteristics were also observed for silicon as a result of Ar plasma etching when the in− crease of the roughness was not observed but the PA spectra indicated existence of the damage surface layer [12] . The analysis of the silicon PA spectra has been, however, quali− tative so far. The aim of this paper was to elaborate and ve− rify correctness of the two layer model of the silicon sample by fitting theoretical curves to experimental PA amplitude spectra in two experimental PA configurations and in two corresponding theoretical PA models. This paper also shows the significance of the Urbach edge contribution to the optical absorption coefficient spectrum for the PA amplitude spectra of silicon. This model can be also applied as useful tool for the numerical interpretation of the PA spectra of silicon after ion implantation and after annealing of crystals after the process of implantation.
Sample preparation and experimental procedure
The following different samples were investigated. Si p−type sample with both sides polished and the thickness l = 0.038 cm, Si "float zone" sample with one side polished and one side roughened with the thickness l = 0.049 cm and Si n−type sample with two sides roughened and the thick− ness l = 0.02 cm. The photoacoustic (PA) spectra were measured as a function of the wavelength of illuminating light in the spectral range from 800 nm to 1250 nm with the grating monochromator M250, at the frequency of the light inten− sity modulation f = 30 Hz at room temperature in the single cell PA spectrometer. A 150−W Halogen lamp was a source of light. The electret microphone detection was used for detection of the PA signals. The electric signal from the microphone was amplified and measured by the lock−in amplifier Scitec Instruments 500 MC and stored in the sys− tem memory. All PA spectra were normalized by the PA spectrum of a reference carbon black pressed powder as a reference sample to eliminate the spectral characteristic of the halogen lamp. All experiments were computer con− trolled. The transmission and absorption PA experimental configurations, used in the experiments, and their corre− sponding theoretical models were described in Refs. 13, 14, and 15. In the absorption configuration, the PA signal is proportional to the energy absorbed in the sample, in the transmission configuration, the PA signal is proportional to the energy transmitted through the sample and absorbed in the carbon reference sample. The paper presents compa− rison of the results obtained in these two configurations and in the two theoretical models.
Experimental results
To get the good fitting of theoretical curves to experimental spectra the Urbach edge contribution had to be taken into account for all investigated samples. The influence of the Urbach edge contribution on the PA amplitude spectra is shown in Fig. 1 .
The Urbach edge absorption factor for the range of ener− gies below the Eg + Eph, see Eq. (1), was b 0 = 3 cm -1 and kT = 25 meV. b is the surface absorption coefficient
Urbach edge contribution influences the PA amplitude spectrum of silicon in the spectral range from 1050 nm to 1150 nm. The optical absorption coefficient spectrum of si− licon in the range of the energies above Eg + Eph was described by Eq. (2) . A is the optical absorption coefficient factor
The PA spectra of a silicon sample with both sides po− lished and different surface absorption coefficient values b are presented in Fig. 2 . The experimental and thermal parameters were f = 30 Hz, a = 0.9 cm 2 /s, and l = 0.038 cm. The parameters of the fitting were the following: A = 3850 cm -1 , b 0 = 3 cm -1 , b = 1, 230, 340 (cm -1 ), Eg = 1.12 eV, Eph = 0.05 eV, and d = 30 mm. A is the optical absorption factor, b 0 is the Urbach edge factor, b is the surface optical absorption coefficient of the surface layer, f is the frequency of modulation, a is the thermal diffusivity of silicon, Eg is the energy gap of silicon, Eph is the energy of the phonon involved in the process of light absorption, d is the assumed thickness of the damaged layer.
The PA spectra of the same sample measured and com− puted in the transmission configuration are presented in The PA amplitude spectra generally increased with the extent of the damage for energies of photons smaller than the energy gap of silicon, for the absorption configuration, and decreased for the transmission configuration. These changes have been explained in the, proposed and described in this paper, numerical model of a sample with a damaged surface layer. Each PA spectrum was analyzed numerically in a two layer model.
Computations of the PA amplitude and phase spectra were performed in a two layer model with formulae given below. The schematic diagram of the analyzed sample is presented in Fig. 8 . Amplitude of the PA signal in the absorption configura− tion is given as
Numerical analysis of absorption and transmission
where
Amplitude of the PA signal in the transmission configu− ration is given as
where f is the frequency of modulation, d is the thickness of the damaged surface layer, l is the thickness of the sample, a is the thermal diffusivity of the material, b s and b v are the surface and volume optical absorption coefficients. D denotes the temperature contribution, resulting from the absorption in the surface layer, to the total temperature of the front, illuminated, side of the sample. C denotes the tem− perature contribution connected with the volume absorption in the sample to the total temperature of the front side of the sample. R = 0.3 is the optical reflection coefficient of silicon.
Conclusions
Changes of the PA amplitude spectra of silicon samples with differently prepared surfaces were interpreted as a result of different level of surface destruction caused by the roughening process resulting in the increase in the sur− face absorption of the samples. The PA spectra computed in a two−layer physical model of the samples for two experi− mental configurations and corresponding mathematical models gave the same values of the surface absorption. Sur− To get the correct fitting theoretical curves to experi− mental data, the Urbach edge contribution had to be taken into account with the Urbach edge factor 3 cm -1 describing the lattice disorder in the surface layer.
